Forebrain development is directed by secreted signaling molecules known as morphogens, and morphogen signaling defects often lead to failed midline induction and holoprosencephaly (HPE), the most common malformation of the human forebrain. Genetic studies in multiple organisms implicate 4 well-known morphogens or morphogen familiesVNodal, Sonic hedgehog, Fibroblast growth factors, and Bone morphogenetic proteinsVas causes of HPE. Here I review the roles of these morphogens in HPE and forebrain midline development. In particular, this review focuses on recent evidence for cross-regulatory interactions between morphogens, which lead to a signaling network model of forebrain development that can explain the distinctive HPE phenotypes seen in humans and animal models.
INTRODUCTION
Holoprosencephaly (HPE) has long fascinated clinicians, basic scientists, and the public alike. This fascination results largely from the striking appearance of HPE, which includes features such as a single midline eye (cyclopia) and a single forebrain holosphere rather than 2 hemispheres (Fig. 1A) (1) . HPE also represents the most common congenital birth defect of the human forebrain (1 in 16,000 live births, 1 in 250 conceptions) (2) . Although previously considered to result from defective forebrain Bcleavage,[ it is now well recognized that HPE results from primary defects in midline induction (3) . Correspondingly, when factors needed to adopt midline fates are deficient, HPE is commonly observed. HPE therefore serves as a central paradigm for understanding how forebrain midline fates are established.
In this review, I focus on forebrain midline development as revealed by studies on the morphogen signaling pathways implicated in HPE. After a brief introduction to HPE, I review the signaling centers that produce the morphogens, the morphogen signaling pathways, and the interactions among these pathways that help to explain HPE phenotypes. For information on other disease features, we refer readers to other reviews and chapters on HPE (1Y6).
HUMAN HPE SUBTYPES
Human HPE can be divided into 2 categories with qualitatively different phenotypes: 1) classic and 2) middle interhemispheric (MIH) (Fig. 1A) (5) . Classic HPE, which is more common, is divided into alobar, semilobar, and lobar subtypes on the basis of severity and the extent of hemispheric separation (alobar being the most severe). Features common to classic HPE subtypes are craniofacial involvement (e.g. cyclopia) and ventral-predominant neuropathology; that is, forebrain midline defects are most severe ventrobasally, with rostral, dorsal, and posterior involvement occurring in a graded and variable fashion (1, 3) . In contrast, the MIH form (also known as Bsyntelencephaly[) selectively involves the middle interhemispheric region (the posterior frontal and parietal lobes in humans) and lacks significant pathology in craniofacial and ventral forebrain domains (7, 8) (Fig. 1A) . The lack of ventral involvement in MIH HPE accounts for the infrequency of clinical deficits referable to the hypothalamus, pituitary gland, and basal ganglia, which are frequently involved in classic HPE (9) .
Primary midline failure in HPE has myriad secondary effects on forebrain development, which can lead to confusion and error regarding the diagnosis. Morphologically, total forebrain mass is invariably reduced, but the brunt of HPE neuropathology is always seen at the midline. Midline structures are markedly reduced to absent, leading to the failed separation of adjacent forebrain structures that are normally bilateral (Fig. 1B) . (Although often referred to as Bfusion,[ failed separation is a more accurate term.) At the molecular level, these morphologic defects equate to absence of midline marker expression and continuity of bilateral markers across the midline. This definition helps to exclude disorders such as primary microencephaly (small brain size), absence of the corpus callosum, hydrocephalus, absence of the septum pellucidum, septo-optic dysplasia (which give the appearance 
SIGNALING CENTERS IN FOREBRAIN MIDLINE INDUCTION
As with other developing tissues, forebrain midline development is directed by localized signaling centers (also known as Borganizers[) that produce morphogens. Morphogens are Bformgenerating[ molecules that promote different cell fates in a concentration-dependent manner. The key signals identified in forebrain midline induction are secreted proteins that are wellknown morphogens in other developmental contexts.
Conceptually, induction of the forebrain midline occurs after neural induction, anterior-posterior (AP) patterning, and forebrain specification. Despite this useful conceptual distinction, however, there is significant overlap among these processes in terms of their timing and the factors involved. For example, many of the signaling centers that govern neural induction, AP patterning, and forebrain specification are located at the embryonic midline and ultimately direct forebrain midline development. Thus, to provide a comprehensive framework, we first review early neural development before forebrain midline induction. For additional information on these early events, we refer readers to other reviews on this subject (10Y12).
Non-Neural Signaling Centers
Early forebrain development is regulated by signaling centers that lie outside the developing nervous system (i.e. in non-neural tissues) (10) . These centers act before and during gastrulation to induce neural fate, provide initial AP patterning (including specification of forebrain), and induce signaling centers within the forebrain tissue itself. Important non-neural signaling centers include the node, anterior visceral endoderm (AVE), epidermal ectoderm, and prechordal plate ( Fig. 2A, B ). Among these, the prechordal plate has been directly implicated in the induction of HPE.
Node and Anterior Visceral Endoderm
The node is critical for neural induction, a process that consistently involves the antagonism of bone morphogenetic protein (Bmp) signaling across species (10) . Node-derived Bmp antagonists include Chordin and Noggin. In some species, Bmp antagonism suffices for node-dependent neural induction, whereas synergy with fibroblast growth factors (Fgfs) is required in others (10) . Although their respective roles remain controversial, the node and AVE have both been implicated in forebrain specification (10, 11) . This process is dependent on AVE-derived signals (e.g. Cerebrus and Dickkopf) that antagonize multiple morphogens, including Bmp, wingless-int (Wnt), and Nodal. Rather than instructing forebrain fate per se, the AVE is thought to Bprotect[ the forebrain from signals that confer caudal identity, leading to the concept that forebrain is the Bdefault[ state of unpatterned neural tissue (10, 11) .
Epidermal Ectoderm
Continuous with the neural plate is non-neural epidermal ectoderm, the future skin. In contrast to the Bmp antagonism needed for neural induction, epidermal ectoderm fate requires high Bmp signaling activity (13) . Epidermal ectoderm-derived Bmps seem likely to mediate multiple processes at the rostral and lateral margins of the forebrain neural plate, although these processes require further delineation.
Prechordal Plate
The prechordal plate is derived from mesendodermal cells originating in the node, which migrate rostrally along the midline between the ectoderm and endoderm. Caudally, these cells form the notochord, which underlies the neural plate up to the midbrain-forebrain boundary. At the forebrain level, nodederived mesendodermal cells form the prechordal plate (Fig. 2B ). The prechordal plate has been directly implicated in HPE induction, specifically classic HPE phenotypes (2) . For example, manual prechordal plate removal results in a single eyefield, failed hypothalamic induction, and molecular defects characteristic of classic HPE (14Y16). Nodal, Sonic hedgehog (Shh), and Bmp signals produced by the prechordal plate have also been implicated in classic HPE induction (see below).
Local Signaling Centers in the Forebrain Midline
Under the direction of non-neural signals, local organizers are established within forebrain tissue itself ( Fig. 2D, E ). This occurs during the period spanning the end of gastrulation and the beginning of neurulation (neural tube formation). Induction of these local neural organizers often appears to be Bhomeogenetic[ in nature, that is, the non-neural cells instruct their neural counterparts to adopt a fate similar to its own (e.g. to express the same morphogen). Important local signaling centers include the hypothalamus (HT) and ventral telencephalic midline (preoptic and entopeduncular regions) ventrally, the anterior neural border or ridge (ANB) rostrally, and the roof plate (RP) dorsally. The RP is induced after the others, being completed after neurulation. Among these local neural organizers, the RP has been implicated in MIH HPE, whereas genetic and transplant studies suggest ANB involvement in classic HPE.
Hypothalamus and Ventral Telencephalic Midline
The prechordal plate regulates the morphogenesis, induction, and patterning of the HT (Fig. 2BYD) . In fish and chicks, HT cells originate near the node and then migrate rostrally toward the telencephalon, resulting in the lateral displacement of eyefield and forebrain tissue. HT morphogenesis lags slightly behind that of the prechordal plate and is regulated by prechordal plate-derived Nodal signals (10) . Although less well recognized than induction failures, HT morphogenesis defects are easy to envision as culprits of cyclopia and HPE (10, 17) . The prechordal plate (via Nodal and Shh signals) then induces HT and ventral telencephalic midline fates as well as the continued production of Nodal and Shh by the HT and Shh by the ventral telencephalic midline (4, 10) . Unlike prechordal plate-derived Shh, these neural Shh sources probably contribute to HPE pathogenesis rather than induction.
Anterior Neural Border
The ANB represents the rostral and rostrolateral edges of the neural plate (Fig. 2D) . ANB specification depends on the AVE, based on the absence of ANB after AVE removal or inactivation of AVE signals. The prechordal plate and epidermal ectoderm are also well positioned to participate in ANB development (10, 12) . Ablation and transplant studies suggest central ANB functions in telencephalic specification and patterning (18, 19) , and these 2 functions are mediated by different secreted proteins. Tlc, a secreted Frizzled-related protein, mediates ANB-dependent telencephalic specification and induces Fgf8 expression (20) . Fgf8 and other Fgfs, in turn, mediate ANB-dependent telencephalic patterning (19, 21, 22) . Fgf signals, most likely from the ANB region, can specify ventral telencephalic fates independently of Shh (23) and can compensate for axial Nodal and Shh loss to rescue midline eye fates (10) . ANB cells may contribute in a lineally related fashion to the commissural and roof plates after neurulation, although this role remains to be established.
Roof Plate
Bmps from epidermal ectoderm induce the RP, the dorsal midline signaling center of the neural tube (Fig. 2E, F ) (24) . (Note: the lateral margins of neural plate become the dorsal midline of neural tube after neurulation.) The forebrain RP expresses several Bmps (2/4/5/6/7/12) (25, 26) , which abut the Fgf8 domain in the rostral midline (27) . In addition to lineage contributions (26) , genetic ablations indicate that the RP is required for inducing medial fates near the dorsal telencephalic midline (choroid plexus epithelium and cortical hem) and for patterning the dorsal cortical primordium (26, 28) . These forebrain RP functions parallel those in more caudal CNS regions (24, 29) . In addition, genetic RP ablation phenocopies multiple aspects of human MIH HPE (28), consistent with a causal role for the RP in this HPE variant (8) .
GENES AND SIGNALING PATHWAYS IN FOREBRAIN MIDLINE INDUCTION AND HOLOPROSENCEPHALY
Most morphogens are produced beyond the confines of individual signaling centers (Fig. 2F) . This limits the ability to assign functions to specific organizers when morphogen signaling is manipulated. On the other hand, molecular analyses of individual morphogens and signaling components have illuminated a great deal about midline patterning and HPE. We start by grouping causal HPE genes into defined signaling pathways and then discuss each pathway in turn.
Several HPE genes have been identified from studies in fish, mice, and humans (Table) . In humans, 9 genes have now been identified (6) 
Nodal Signaling at the Ventral Midline Genetic Associations With Holoprosencephaly
Defects in several Nodal-signaling components lead to HPE and/or cyclopia in fish, mice, and humans. These include Nodal ligands, a receptor subunit (ActRIIA), extracellular cofactors (EGF-CFC family), a transcriptional transducer (Smad2), and a transcriptional cofactor (Fast1/ FoxH1) (6). For these genes, loss or predicted loss of Nodal signaling leads to HPE or cyclopia. The transcriptional cofactor Tgif is also involved in Nodal signaling and HPE, but whether it acts via the Nodal pathway to induce HPE is less certain.
Nodal Expression: Confined to Ventral Tissues
Among its many developmental functions, Nodal signaling is required for initial specification of the prechordal plate, where Nodal ligands are expressed (10) (Fig. 2B, D, F) . Prechordal plate specification may be particularly sensitive to reductions in Nodal signaling (30) . Prechordal platederived Nodal signals then regulate HT morphogenesis and induction, where Nodal is also expressed (10) . Nodal expression beyond these ventral domains has not been described during this developmental period.
Nodal-Associated Holoprosencephaly Phenotypes: Severe Classic Subtypes
Despite the restriction of Nodal expression to ventral tissues, Nodal mutants have severe classic HPE phenotypes that involve the ventral, rostral, and dorsal midline regions (31, 32) . Nodal-related HPE phenotypes are reminiscent of those associated with Shh signaling defects.
Shh Signaling at the Ventral Midline Genetic Associations With HPE As for the Nodal pathway, several components of Shh signaling have been implicated in ventral midline induction and HPE in multiple organisms. These components include Shh itself, its cholesterol-based posttranslational modifications (DHCR7), Shh release (DispA), its receptors Patched and Smoothened, the Cdo transmembrane protein, and a transcriptional transducer (Gli2) (6) . HPE due to mutations in megalin (33), a coreceptor or trafficking molecule, may be related to defects in Shh (34) and/or Bmp signaling (35) . By and large, genetic analyses of individual components lead to HPE phenotypes consistent with their known positive or negative effects on Shh signaling.
Shh Expression: Confined to Ventral Tissues
Like Nodal, Shh is expressed in the notochord and prechordal plate (10) (Fig. 2B, D, F) . Shh from the prechordal plate induces the overlying HT and ventral telencephalon, where Shh continues to be expressed. Although the roles of individual Shh sources require further delineation, ventral Shh signaling is clearly essential for midline eyefield specification and for excluding laterally expressed genes from the midline (2, 4, 10). Midline eyefield defects in Shh mutants do not result from aberrant HT morphogenesis, unlike Nodal mutants, and are therefore more clearly due to failed inductive signaling. At later stages, Shh production extends into the medial ganglionic eminence, but like Nodal, remains confined to ventral tissues during the HPE inductive period (27, 36) .
Shh-Associated HPE Phenotypes: Classic Subtypes
Like Nodal, Shh signaling defects in mice and humans lead to classic HPE phenotypes that are most severe in the ventral forebrain midline (37Y39) and often (but not invariably) involve the rostral and dorsal midline regions (4, 40) . For example, human HPE phenotypes due to Shh mutations can include absence of the interhemispheric fissure, absence of the corpus callosum, and failed cortical separation in dorsal telencephalic domains. At the dorsal midline, Shh-null mice apparently lack telencephalic CPe and express bilateral cortical markers at the midline (4), which mimics the phenotype induced by RP ablation (28) .
Fgf8 Signaling at the Rostral Midline Genetic Association With Holoprosencephaly
Although not yet implicated in human HPE, Fgf signaling from the ANB has been implicated in midline patterning defects in fish (21, 22) and mice (27, 41) . Importantly, Fgf8 reductions have recently been shown to result in definitive HPE phenotypes in mice (41) . In addition, 
Fgf8 Expression: Anterior Neural Border With Ventral and Dorsal Extensions
Before neurulation, expression of Fgf8 and other Fgfs initiates at the ANB, then continues after neurulation in the commissural plate at the rostral telencephalic midline (19, 21, 27, 42) (Fig. 2B, D, F) . Fgf8 expression is also present in the dorsal midline region and multiple other sites at this stage, including in the midline eyefield (27) . Rostral Fgf8 regulates several processes, including patterning of the telencephalon and eyefield, although not in telencephalic induction per se (10).
Fgf8-Associated Holoprosencephaly Phenotypes: Classic Subtypes
Fgf8 mutant phenotypes are highly variable, but include HPE (41) . The most significant defects in Fgf8 mutants are present in ventral and rostral structures, such as the HT, optic stalk, and anterior commissure (21, 22, 27, 41, 43) . However, HPE in Fgf8 mutants can also involve the dorsal midline region (41) . Thus, Fgf8 mutants appear to have classic HPE phenotypes. However, unlike its consistently positive regulation of ventral midline fates, Fgf8 effects on dorsal midline development are notably nonlinear (41, 43) .
Bmp Signaling at the Ventral and Dorsal Midlines Genetic Association With Holoprosencephaly
In mice, loss of the Bmp antagonists Noggin and Chordin (44, 45) or Twisted gastrulation (Twsg1), an extracellular protein that facilitates Bmp ligand:antagonist binding, results in HPE (46) . Moreover, exogenous Bmp4 or Bmp5 leads to cyclopia and HPE in chicks (47) . These studies have implicated ventral Bmp signaling in HPE. In contrast, dorsal Bmp signaling appears to be preferentially affected by ZIC2 deficits. Although ZIC2 is most often associated with classic HPE (6), ZIC2 mutation or chromosomal loss has been linked to the MIH variant in humans (48, 49) . Reduced Zic2 expression in mice, which is normally highest at the dorsal midline (28) , results in failed RP induction and dorsal HPE (50) . This phenotype resembles the MIH HPE induced by mouse RP ablation, and multiple RP-dependent midline defects can be rescued by exogenous Bmp4 (28).
Bmp Expression: Ventral Midline Tissues
Before gastrulation, multiple Bmps are expressed in ectoderm, where antagonism of Bmp signaling induces neural fate (10) (Fig. 2B) . After neural induction, Bmps continue to be expressed at high levels in adjacent epidermal ectoderm (25, 27, 44) , where they may regulate marginal neural plate fates and ANB development (10) . Bmp7 and other Bmps are expressed in the notochord and prechordal plate along with their antagonists, Noggin and Chordin, with prechordal plate-derived Bmp7 having multiple roles in HT induction and patterning (51, 52) .
Bmp Expression: Dorsal Midline Tissues
After neurulation, the RP becomes an epicenter for Bmp production (25, 27, 44) (Fig. 2F) , and RP-dependent Bmp signaling has been implicated in dorsal midline induction and dorsal cortical patterning (25, 26, 28, 53) . At later stages, RP-dependent tissues near the dorsal telencephalic midline (choroid plexus and cortical hem) serve as ongoing sites of Bmp and Wnt production (40) .
Bmp-Associated Holoprosencephaly Phenotypes: Classic Subtypes and the Middle Interhemispheric Variant
Loss of Noggin and Chordin in mice (44, 45) and exogenous Bmp applications in chicks (47) lead to ventralpredominant classic HPE phenotypes. These phenotypes correlate well with the ventral expression domains of Bmp7, Noggin, and Chordin. In contrast, ablation of the RP induces MIH HPE (28) (Fig. 1B) . Bmps have been implicated in this RP-dependent phenotype on the basis of the sufficiency of exogenous Bmps (particularly Bmp4) to mimic RP functions in cortical explants (25, 54) and to rescue MIH HPEassociated defects caused by RP ablation (28) .
INTERACTIONS AMONG THE SIGNALING PATHWAYS
Nodal Y Shh Pathway in the Ventral Midline
As discussed above, Nodal and Shh share expression sites and similarities in mutant phenotypes, and genetic epistasis experiments provide significant evidence for Nodal being upstream of Shh in ventral forebrain development (10) . For example, Nodal null mutants lack prechordal plate and Shh expression (31, 55, 56) , exogenous Shh rescues HT and ventral telencephalic defects in Nodal mutants (55) , and Shh signaling acts downstream of Nodal to promote midline eyefield fates (57) . An Shh enhancer responsive to Nodal signaling in zebrafish provides for a direct transcriptional link between these 2 morphogen pathways (58) . Although Shh is a key downstream effector of Nodal signaling in the telencephalon, at least some diencephalic defects in Nodal mutants appear to be Shh-independent (55).
Shh Y Fgf8 Positive Feedback Loop in the Ventral and Rostral Midlines
Fgf8 expression is almost entirely lost in Shh mutant mice (59) , whereas Fgf8 expression is dramatically upregulated in mouse mutants with increased Shh signaling (Gli3 mutants) (60) , suggesting that Shh signaling positively regulates Fgf8 expression. Shh is not required for Fgf8 induction per se, based on rescued Fgf8 expression in Shh/ Gli3 compound null mutants (61, 62) , but rather for its maintenance once induced. Conversely, Fgf8 loss in fish and mice leads to decreased Shh expression (21, 41) . Positive feedback between Shh and Fgf8 in the forebrain resembles that described during limb development (59) . Consistent with this tight positive reciprocity, Shh and Fgf8 are consistently coregulated whenever Bmp signaling is altered (see below).
In addition to positively regulating each other's expression, Shh and Fgf8 cooperatively induce optic stalk fate, with several studies suggesting that Fgf8 and/or the ANB can compensate for Shh loss in optic stalk induction (21Y23, 57). In addition, ventral telencephalic fates appear to be specified by both Shh and Fgf signaling (23, 57) , with Fgfs representing the likely factors responsible for rescuing ventral telencephalic fates in Shh/Gli3 compound null mutants (61, 62) .
Positive Regulation of the Shh Y Fgf8 Loop by Six3
Six3 is not devoted to a single signaling pathway but is embedded in 2 different loops or pathways that promote the Shh-Fgf8 circuit. In addition to other sites, Six3 is expressed in the ANB, anterior neural plate, and ventral forebrain and is required for ANB, forebrain, and eye specification (63Y65). Six3 gain-of-function is also sufficient to expand or ectopically induce forebrain and eye fates (66, 67) . These Six3 functions involve a feedback loop with Wnt repression (64, 68, 69) . Six3 then serves as a crucial competence factor for Fgf8-and Shh-dependent ventral forebrain and eye fates (64, 65, 70) . Six3 may also be involved in Fgf8 induction or maintenance based on its role in establishing the ANB.
Negative Regulation of the Shh Y Fgf8 Loop by Bmps
Experimental manipulations that increase Bmp signaling consistently result in reductions or losses of both Fgf8 and Shh expression, whereas increased Fgf8 and Shh expression occur in the setting of decreased Bmp signaling (44, 47, 52, 59, 71) . Some of these studies directly implicate ventral Bmp sources in these effects, particularly those associated with classic HPE phenotypes (44, 47) , although dorsally-derived Bmp signals may be preferentially involved in others.
Conversely, other studies indicate that Shh, and possibly Fgf8, negatively regulate Bmp expression or signaling. Bmp signaling is increased in Shh mutants (59) , and Bmp expression is reduced or lost when Shh signaling is increased due to Gli3 mutations (60, 61, 72) . Fgf8 and Bmp4 expression are complementary in the rostrodorsal midline (27) , and Fgf8 loss correlates with increased Bmp signaling in Foxg1 and Gli3 mutants (60, 73) .
Fgf8 Y Roof Plate Pathway: Positive and Negative Regulation by Fgf8
Dorsal midline involvement in Fgf8 mutant HPE implicates Fgf8 as a positive regulator of dorsal midline development (41) . However, Fgf8 overexpression in the forebrain commonly leads to reductions in dorsal Bmp or Wnt expression, suggesting negative regulation of dorsal midline fate (59, 71) . Similar nonlinearities are apparent for Fgf8 regulation of proliferation and apoptosis in the forebrain (41, 43) .
Importantly, a recent study in chick midbrain provides an explanation for this nonlinearity (74) . This study identified 2 distinct roles for Fgf8 in midbrain RP development. Fgf8 first acts as a competence factor for RP induction (e.g. Fgf8 beads can induce ectopic RP in vivo). At later stages, however, Fgf8 inhibits RP maturation, probably by antagonizing transforming growth factor-A signals, including Bmps. Although confirmatory experiments in the forebrain are needed, previous studies are consistent with positive Fgf8 effects on forebrain RP development (27) . Thus, Fgf8 may have 2 opposing functions in RP development, with its earlier function (i.e. conferring RP competence) providing a mechanism by which ventral and rostral signaling defects can lead to failed dorsal midline development in the forebrain.
Zic2 Y Roof Plate Pathway in the Dorsal Midline
Most human ZIC2 mutations lead to classic HPE (48, 75) , which could be related to Zic2 expression in the node and ventral midline tissues (28, 76) . However, studies in mice demonstrate that Zic2 is preferentially expressed in the dorsal forebrain (28, 77) , and Zic2 knockdown in mice leads to defective neurulation kinetics, failed RP induction, and HPE involving the dorsal midline (50) . RP ablation alone can lead to MIH HPE without affecting Zic2 expression, which implicates RP failure as the cause of Zic2-related MIH HPE (28) .
Notably, among known HPE genes, ZIC2 is the only 1 linked to human MIH HPE (48, 49) , with 1 ZIC2 allele predicted to be hypomorphic rather than null (12 amino acid in-frame deletion). Taken together, the mouse and human studies therefore suggest that RP induction and dorsal midline development are particularly susceptible to reduced Zic2 function.
SUFFICIENCY OF MORPHOGEN INTERACTIONS TO ACCOUNT FOR CLASSIC AND MIDDLE INTERHEMISPHERIC HOLOPROSENCEPHALY PHENOTYPES
Since the identification of Shh signaling deficits in HPE, the mechanisms underlying dorsal midline involvement in HPE have been a conundrum (4, 40) . Studies of the developing spinal cord, a common precedent for understanding forebrain development, were not helpful in this regard, because Shh loss in the spinal cord does not lead to RP failure or dorsal midline defects analogous to those seen in HPE. This difference highlights the unique mechanisms needed to pattern the forebrain, which represents another Bends[ problem in biologyVin this case, the anterior end of the neural tube.
The studies reviewed in this article, particularly those involving Fgf8 and the RP, now provide us with a spatial and genetic network model that can explain this specific conundrum, as well as the more general problem of understanding how primary signaling defects spread to involve distant forebrain regions. Importantly, this network can also account for the distinctive classic and MIH HPE phenotypes seen in humans and animal models (Fig. 2F, G) . In this network, rostral Fgf8 serves as the key intermediary between ventral and dorsal signaling by positively interacting with Shh and by providing competence to form the RP. Via Fgf8, defects in Nodal and Shh signaling lead plausibly to failed dorsal midline development, as seen commonly in classic HPE. In addition to polygenic effects (38) , the nonlinearity and bidirectionality of Fgf8 effects on the dorsal midline (41, 43) may contribute to the variability in dorsal midline involvement and phenotypic severity in classic HPE, even among family members harboring identical HPE mutations (37) .
Conversely, RP ablation and Bmp genetic studies can explain why MIH HPE does not significantly involve rostral or ventral forebrain domains. Because Bmp signaling negatively regulates Fgf8 and Shh expression, reduction of dorsal Bmp signaling (e.g. due to RP failure) should maintain or upregulate signaling by the rostral and ventral midlines, thus preserving these domains in MIH HPE. The unidirectionality of spread in HPE (i.e. ventral to dorsal in classic HPE but not vice versa in MIH HPE) is also consistent with the apparent temporal order of midline development (ventral Y rostral Y dorsal).
FUTURE DIRECTIONS AND IMPLICATIONS
In most cases, individual connections within this network are supported by multiple independent studies. The least supported nodes and connections are those involving the rostral and dorsal midlines. Thus, to fully validate this network model, the relationships among Fgf8, Zic2, and Bmp signaling in dorsal midline development need further clarification. Cellular approaches, such as ANB fate mapping studies, should also inform whether there are direct cellular links between rostral and dorsal signaling centers. Studies on the remaining human HPE loci and other candidate genes may also help to clarify and refine this network.
How some of the known HPE genes fit into this network also remains unclear. The mechanism by which most Zic2 mutations lead to classic HPE requires explanation. In addition, the role of Tgif remains mysterious. Tgifnull mice do not have HPE (78, 79) , but a significant number of TGIF mutations have now been identified in human patients with HPE (6). Although initially proposed to act via the Nodal pathway (80), this seems unlikely, because Tgif loss-of-function should increase rather than decrease Nodal signaling. Alternatively, Tgif could induce HPE via the retinoic acid pathway (79) , which has been linked to Shh downregulation and HPE (4, 6) .
In addition to retinoic acid, the extent of Wnt signaling involvement in HPE remains uncertain. Wnts have wellknown functions in AP patterning, including telencephalon specification, but little is known about their roles in forebrain midline induction. Dorsal Wnt expression is negatively regulated by Fgf8 (71) and positively regulated by the RP (28) . Thus, Wnt signaling is undoubtedly involved in HPE pathogenesis, if not its induction. In addition, via its regulatory loop with Six3, Wnt signaling is linked to 3 causal HPE genes (Six3, Shh, and Fgf8). Thus, altered Wnt signaling (specifically excessive Wnt signaling) has the potential to induce classic HPE.
Interestingly, changes in the steady-state levels of morphogen mRNAs are largely sufficient to account for the entire network and, thus, to explain the HPE phenotypic spectrum. Because regulation of morphogen signaling could theoretically occur at any number of levels (e.g. diffusion, transcytosis, antagonists, proteases, receptors, intracellular transducers, and degradation), this sufficiency is noteworthy and has numerous implications. First, and perhaps most obviously, regulation of morphogen mRNA level is likely to be a major mechanism used to link network components. Second, whereas altered signaling at other levels may counteract morphogen production, the aggregate effects on signaling should coincide with those predicted by morphogen mRNA levels alone. Third, the morphogens themselves are likely to be limiting in the HPE setting. Fourth, assuming that signaling potential is intact or perhaps even increased in HPE, exogenous applications and other means to increase morphogen levels represent a rationale approach for minimizing midline spread and HPE severity in animal models and, at least conceptually, in humans.
